Introduction {#s1}
============

Microbes, which colonize animal gut, function collectively as an extra 'organ' for the host. Their community structure is shaped by the combining effects of host genotype, lifestyle, living environments, and selective pressures from gut habitats [@pone.0064577-Ley1]--[@pone.0064577-Yan1]. The genomes of these microbes (microbiome) exceed the size of the host nuclear genome by a few orders of magnitude, contributing to a broad range of functions which have not evolved wholly on the host [@pone.0064577-Bckhed1]--[@pone.0064577-Qin1]. The genomes of the microbes, unlike its host genome, can dynamically change the configuration of their components to fulfill the needs of the community as a whole and of the host. A growing number of studies have shown gut microbiota has a tight and coordinated connection with host metabolism, energy utilization and storage, immunity and nutritional status, and health maintenance [@pone.0064577-Bckhed2]--[@pone.0064577-Velagapudi1].

Obesity, which results from the accumulation of excess adipose tissue, presents a good example for illustrating the potential interactions between the mammalian host and its dynamic symbionts. Also, the dynamics of microbial genomic and metabolic diversity are key factors maintaining host's health [@pone.0064577-Bckhed2]. The causes driving obesity appear to be complex. A consensus hypothesis is a heterogeneous group of conditions with multiple causes, including behavioral and environmental factors such as a sedentary lifestyle and excessive consumption of energy-dense foods [@pone.0064577-Friedman1]. It has recently been proposed that gut microbiota, as an environmental factor, may shape the host immune network and metabolic activity which in turn alters energy metabolism accompanying the obese state. The potential mechanisms underlying this relationship include increased nutrient absorption from the diet, prolonged intestinal transit time, altered bile acid entero-hepatic cycle, increased cellular uptake of circulating triglycerides, and altered tissue composition of biologically active polyunsaturated fatty acid [@pone.0064577-Musso1].

Although there have been about 30 bacterial phyla described to date, the development of obesity has most often been associated with significant changes to Bacteroidetes and Firmicutes levels. Obese mice resulting from a high-fat/high-sugar western diet, as compared with mice receiving a low-fat/high-polysaccharide diet, display enrichment in Firmicutes at the expense of Bacteroidetes [@pone.0064577-Turnbaugh1]. Similar to animal models, obese people have a relatively higher proportion of Firmicutes, when compared to lean people. Surgically- or diet-induced weight loss can reduce the proportion of Firmicutes [@pone.0064577-Ley2]--[@pone.0064577-Zhang1]. However, this finding is inconsistent from other studies. Duncan et al. have showed proportions of Bacteroidetes and Firmicutes among fecal bacteria have no association in human obesity [@pone.0064577-Duncan1]. In another study, overweight and obese subjects have a ratio of Bacteroidetes to Firmicutes in favor of Bacteroidetes [@pone.0064577-Schwiertz1]. Recently, Jumpertz et al. investigated dynamic changes of gut microbiota by applying pyrosequencing to examine bacterial 16S rRNA genes and reported no phylum level difference between fecal microbiota of obese and lean subjects [@pone.0064577-Jumpertz1]. Therefore, the link between obesity and the microbiota is likely more sophisticated than the simple phylum-level Bacteroidetes:Firmicutes ratio change.

In this report we conducted a series studies to reveal the relationships between gut microbes and the fast-growing feature of transgenic common carp, which was modified with an 'all-fish' growth hormone gene [@pone.0064577-Zhu1], [@pone.0064577-Zhu2]. Although the transgenic fish has a large body size stimulated by the recombinant grass carp (*Ctenopharyngodon idellus*) growth hormore gene (*gcGH*) when compared to wild-type controls, unlike obesity in human it displays an isometric body growth. In fact, significantly lower levels of growth hormone receptor (*GHR*) mRNA have been found in adipose tissues of obese human subjects, as compared with the lean human counterparts [@pone.0064577-Erman1]. Furthermore, mice with growth hormone receptor deficiency (*GHR*−/−) have a greater percent fat mass but with no significant differences in absolute fat mass through the life, and animals with lean mass show an opposite trend [@pone.0064577-Berryman1]. It has been found that the organization of fish intestine is similar to that of mammals, and more importantly many homologous genes which are regulated by gut microbes in mammals show similar expression responses in fish [@pone.0064577-Rawls2]. Therefore the fast-growing transgenic fish provides a good model not only to study the impact of gut microbial communities on the growth of fish but also to investigate if the increase of Firmicutes at the expense of Bacteroidetes is unique to obesity.

By using metagenome-based methods, we found significant differences of gut microbiota composition between transgenic fish and wild-type controls during a two-year field study, while both displayed high degree of similarities within each group. The results were further confirmed by high-throughput sequencing on bacterial 16S rRNA genes. We further extended our study to reveal the association of gut microbes with fish metabolism and discovered three major phyla (Proteobacteria, Bacteroidetes, and Firmicutes) had significant relationships with the host metabolic factors. Furthermore, transgenic fish had increased carbohydrate but decreased lipid metabolisms, which were evidenced by both biochemical and histological analyses. Additionally, we observed that the fast-growing transgenic fish had a significantly lower Bacteroidetes:Firmicutes ratio than that of wild-type controls. The results indicate that the Bacteroidetes:Firmicutes ratio change is not unique to obesity. The results also suggest that the relative abundance of Firmicutes over Bacteroidetes could be one of the factors contributing to the fast growth of transgenic fish, although Bacteroidetes and Firmicutes account for only a small proportion of its gut microbiota.

Materials and Methods {#s2}
=====================

Animals and Ethics Statement {#s2a}
----------------------------

Individuals of transgenic fish (*Cyprinus carpio* L.) at different developmental stages (from larvae to adults) were sampled, and counterparts from wild-type fish were used as controls. All experiments involving animals were performed under protocols approved by the Institutional Animal Care and Use Committee of Institute of Hydrobiology, Chinese Academy of Sciences (Approval ID: keshuizhuan 08529).

Experimental Design and Fish Husbandry {#s2b}
--------------------------------------

Transgenic fish and wild-type controls were reared with the same commercial feed in ponds at Guanqiao Experimental Station. Individuals sampled from larval stage to adult animals (from April 2009 to March 2011) were used to study the structure and dynamics of gut microbiota. To study nutrient metabolism related to the gut microbiota, four different diets ([Table S1](#pone.0064577.s003){ref-type="supplementary-material"}) were given to both transgenic and wild-type fish (during the stages of 2-month and 5-month) under laboratory condition. Briefly, the transgenic fish and wild-type controls were transferred to the laboratory at the stage of 2-month, and then acclimated to laboratory condition with a practical diet twice a day (09∶00 AM and 16∶00 PM) for the first 3 weeks and an equal mixture of the four experimental diets ([Table S1](#pone.0064577.s003){ref-type="supplementary-material"}) for the 4^th^ week. At the beginning of the laboratory growth experiment, acclimated transgenic fish were weighed after one day of food deprivation and then randomly distributed into 12 tanks (20 individuals for each tank, totally about 60 g). Three tanks were randomly assigned as replicates for each dietary treatment. After a growth trial for six weeks, fish in each tank were also weighed after one day of food deprivation and then were randomly selected for analysis as described in the following sections.

Intestine Sampling Procedures and Bacterial dna Preparation {#s2c}
-----------------------------------------------------------

For larval stages (3- and 6-day post-incubation), intestines were removed aseptically under a dissecting microscope, and three replicated samples for both transgenic fish and wild-type controls were used for investigating the diversity and dynamics of gut microbiota. For each of the late stages five (for individuals at the stages of 2--5 month) or three individuals (at the stages of 8--23 month) from both transgenic fish and wild-type controls were randomly selected and subject to the following procedures. The intestine was first carefully removed under sterile environments. Whole intestinal tract (for individuals at 2--5 month stages) or part of foregut, mid gut, and hind gut (for individuals at of 8--23 month stages) was then collected for subsequent DNA extraction. For fish reared in the laboratory condition three individuals from each diet treatment (one individual from each of triplicate tanks) were randomly selected and whole intestine of each individual were collected as described above.

DNA preparation was performed by incubating intestinal homogenates in 1 ml lysis solution (30 mM EDTA, 10 mMTris-HCl, 0.5% sodium dodecyl sulfate (SDS), 0.1 mg proteinase K, 0.05 mg RNase A) at 55°C bath for 10 h, followed by standard phenol/chloroform extraction and precipitating with cold ethanol as previously described [@pone.0064577-Li2].

PCR-DGGE and Sequencing {#s2d}
-----------------------

To amplify bacterial 16S ribosomal RNA gene, PCR reactions (25 µL) were prepared, each containing approximately 1 ng/µl DNA templates, 1×buffer (without MgCl~2~), 2 mM MgCl~2~, 0.06 unit/µl*Taq* DNA polymerase, 80 µM of deoxynucleotide triphosphate, and 0.25 µM of each universal bacterial target primer 357F-GC and 518R [@pone.0064577-Muyzer1] ([Table S2](#pone.0064577.s004){ref-type="supplementary-material"}). Touchdown PCRs were performed on a S1000™ thermal cycler (Bio-Rad) with the following conditions: 5 min at 94°C, followed by 10 cycles of 30 sec at 94°C, 30 sec at 66--57°C, and 60 sec at 72°C. This procedure was followed by 20 cycles of 30 sec at 94°C, 30 sec at 56°C and 60 sec at 72°C with a post-amplification extension of 10 min at 72°C. All PCR products were confirmed by agarose gel electrophoresis.

Approximately equal amounts of PCR products were separated by denaturing gradient gel electrophoresis (DGGE) using 9.0% polyacrylamide gel with a 45--70% denaturing gradient. Electrophoresis was performed at 60°C with 100 V for 12 h according to the method described previously [@pone.0064577-Yu1]. Gels were then stained in 1×TAE buffer containing 1×SYBR Gold (Molecular Probes) for 30 min, followed by photographing with a Gel Doc™ XR imaging system (Bio-Rad). DGGE band types were originally assigned and matched using the Quantity One® software (Bio-Rad, version 4.6.9), and the banding patterns were then manually checked.

Dominant bacterial operation taxonomic units (OTUs) were recovered from DGGE profiles by excising the bands with relatively high density and re-amplified using the same primer pairs without GC-clamp (357F and 518R). The resulting products were visualized using 1.8% agarose gels. Target 16S rRNA gene fragments were excised and purified using agarose gel DNA extraction kit (Axygen), cloned into pMD18-T vector (TaKaRa), and then transformed *Escherichia coli* (DH-5a) with a plasmid. Two positive clones for each OTU were sequenced.

All partial 16S rRNA gene sequences were compared with those in the public Ribosomal Database Project II [@pone.0064577-Cole1] to ascertain their closest relatives. Neighbor-joining phylogenetic trees were calculated using ClustalX in combination with MEGA (4.0) package [@pone.0064577-Tamura1]. Bootstrap (1000) was performed to evaluate the phylogenetic tree.

Quantifying Firmicutes and Bacteroidetes by Q-PCR {#s2e}
-------------------------------------------------

Real-time quantitative PCR (Q-PCR) was used to quantify the relative abundance of gut Firmicutes and Bacteroidetes [@pone.0064577-Guo1] using standards constructed with known amounts of plasmid DNA. In brief, PCR products of 16S rRNA genes were gel-purified, cloned into pMD18-T vector, and then transformed into *Escherichia coli* cells. After confirming by sequencing, plasmid DNA containing cloned 16S rRNA gene was extracted. The resulting DNA concentrations were determined by spectrophotometry with serial dilutions. Standard curves were then established using diluted plasmid DNA in Q-PCR. The abundance of Firmicutes, Bacteroidetes, and total bacteria in each intestinal sample was evaluated.

The Q-PCR was performed on an ABI 7500 FAST system (Applied biosystems). Each PCR (25 µL) contains 1×SYBR Green qPCR master mix (Shanghai Ruian), 0.2 µM of each primer ([Table S2](#pone.0064577.s004){ref-type="supplementary-material"}), and 2 µL DNA templates. PCR cycling included an initial denaturation for 2 min at 95°C, followed by 40 cycles of 94°C for 10 sec, 60°C for 40 sec. Fluorescence readings were taken at each extension step, and a final melting analysis was performed to check nonspecific product formation. Three replicates were analyzed for each sample.

Bacterial 16S rRNA Gene Pyrosequencing {#s2f}
--------------------------------------

The V1-V3 regions, which have more related variations for 16S rRNA gene than shorter sequences or the full-length sequence [@pone.0064577-Schloss1], were amplified using the bacterial primers 27F and 534R ([Table S2](#pone.0064577.s004){ref-type="supplementary-material"}) with Pyrobest™ DNA polymerase (Takara). The sample-unique 10-base bar-code was add to each primer for sorting of PCR amplicons into different samples, and the underlined text indicates universal bacterial primers. PCR products were purified with the QIAquick Gel Extraction Kit (Qiagen), after quantifying by the Qubit™ Quantitation Platform (Invitrogen), 200 ng product from each sample was pooled for pyrosequencing by a 454 GS FLX Titanium system (454 Life Sciences/Roche Applied Science) according to the manufacturer's instructions. After pyrosequencing all reads were scored for quality filtering and the sequences that passed quality control were used to pick operational taxonomic units (OTUs). The representative sequence of each OTU was used for taxonomy assignment and generating phylogenetic tree. Alpha- and beta-diversity were also calculated for comparing bacterial communities, clustering and PCA were also performed to visually depict the differences between samples. All these analyses were performed according to the procedures described elsewhere [@pone.0064577-Caporaso1]. The pyrosequencing dataset was deposited into European Nucleotide Archive under the accession number ERP002333.

Statistical Analyses {#s2g}
--------------------

Statistical analyses were performed with the software SPSS, R package, and XLSTAT. The pyrosequencing results were analyzed using the pipeline of QIIME [@pone.0064577-Caporaso2] and the Fast UniFrac online toolkit (<http://bmf2.colorado.edu/fastunifrac/>) [@pone.0064577-Hamady1]. A binary matrix from DGGE band matching data was used to calculate Sørensen similarities for unweighted pair-group method with arithmetic average (UPGMA) clustering. The band patterns were also analyzed using the Raup and Crick probability-based index of similarity (*S* ~RC~), which provides a measurement of statistically significant similarity and dissimilarity at the 95% confidence level [@pone.0064577-Raup1]. The similarity index is the probability that the randomized similarity would be less than or equal to the observed similarity, and *S* ~RC~ values above 0.95 or below 0.05 signifies the similarity or differences [@pone.0064577-Rowan1]. The *S* ~RC~ was calculated using the PAST program. In addition, canonical ordination of redundancy analysis (RDA) was performed with Canoco for Windows 4.5 to screen microbial phyla that could significantly predict metabolic characters and to explore the potential relationships between intestinal microbes and host's metabolism. One way ANOVA and two-tailed Student's *t*-test were performed to assess the differences between transgenic fish and wild-type controls. For the time-series and multiple diet treatments the statistical significance between transgenic and wild-type fish was evaluated using one-side Wilcoxon signed-rank test and one-side paired *t*-test.

Results {#s3}
=======

Gut Microbiota Composition Differs between Transgenic Fish (*Cyprinus carpio* L.) And Wild-type Controls {#s3a}
--------------------------------------------------------------------------------------------------------

A two-year field study was performed to explore the similarities and differences in gut microbiota composition between transgenic fish (represented by *T* in Figures and Tables) and wild-type controls (represented by *C* in Figures and Tables). Individual fish reared in ponds with the same commercial feed from larval stage to adult animals were used for the comparison of gut microbiota composition. Sørensen similarity based on DGGE patterns of 16S rRNA genes (V3 region) indicated that gut microbiotas in transgenic fish were different from those in wild-type controls as shown in [Figure 1](#pone-0064577-g001){ref-type="fig"}, where UPGMA clustering classifies samples of transgenic fish and wild-type controls into two distinct groups in all developmental stages from the field study (only the 17-month developmental stage showed some exception). Analyses were also performed to compare the mean value of Sørensen index either between transgenic fish and wild-type controls (between-group) or within each group of transgenic fish and wild-type controls (within-group). While both within-groups displayed high degree of similarities (0.81±0.07 and 0.74±0.12), the lowest similarities (0.43±0.30) was observed in the between-groups ([Figure 2a](#pone-0064577-g002){ref-type="fig"}). Statistical analyses using one-side Wilcoxon signed-rank test revealed significant differences (*p*\<0.001) regarding Sørensen index between the within-groups and the between-group comparisons.

![UPGMA clustering over Sørensen similarity of gut microbiota composition between transgenic fish and wild-type controls across different developmental stages.\
The similarity matrix was calculated using the binary data, and clustering was performed using the unweighted pair-group method with arithmetic average (UPGMA). *T~i~* and *C~i~* indicate the *i^th^* replication of transgenic fish and wild-type control, respectively; *T~fi~*, *T~mi~*, and *T~hi~* represent the *i^th^* foregut, midgut, and hindgut samples from transgenic fish, respectively, and *C~fi~*, *C~mi~*, and *C~hi~* from the corresponding part of controls; *T~s~* and *T~w~* represent the sediment and water samples collected from the pond where transgenic fish were reared, and *C~s~* and *C~w~* represent controls; *F* indicates food sample.](pone.0064577.g001){#pone-0064577-g001}

![Comparison of similarities and differences for gut microbiota composition between transgenic fish and wild-type controls across different developmental stages.\
(a) Comparison of the average Sørensen index obtained from DGGE patterns of 16S rRNA genes between transgenic fish and wild-type controls or within each group of transgenic fish and wild-type controls. (b) Comparison of Raup and Crick similarity index (*S* ~RC~) obtained from DGGE patterns of 16S rRNA genes between transgenic fish and wild-type controls or within each group of transgenic fish and wild-type controls. Dashed lines indicate significant cutoff for difference (low line) and similarity (upper line). Error bars represent the standard error of the mean.](pone.0064577.g002){#pone-0064577-g002}

The degree of similarity was further assessed using Raup and Crick similarity index (*S* ~RC~) [@pone.0064577-Raup1], [@pone.0064577-Rowan1]. This probability-based similarity index tells whether the samples are significantly similar (*S* ~RC~ ≥0.95), significantly dissimilar (*S* ~RC~ ≤0.05), or have no significant difference (0.05\< *S* ~RC~ \<0.95). Similar to the above findings *S* ~RC~ was ≥0.95 for most within-group comparisons except the 17-month developmental stage for transgenic fish and the 14-month as well as 17-month stages for wild-type controls ([Figure 2b](#pone-0064577-g002){ref-type="fig"}), suggesting these within-group similarities were mainly driven by deterministic considerations. On the other hand, *S* ~RC~ displayed low similarity between transgenic fish and wild-type controls with a mean value of 0.42±0.34. Significantly low *S* ~RC~ (\<0.05) was observed for the 2-, 5-, and 20-month developmental stages. Further statistical analyses using one-side Wilcoxon singed-rank test revealed significant differences (*p*\<0.01) between the within-groups and the between-group. The *S* ~RC~ values between environmental samples (sediment and water samples from the ponds) and corresponding gut samples ranged from 0.05 and 0.95 with a mean value of 0.42±0.30. These findings suggest that gut microbiota composition is not significantly similar to the environments.

To confirm the findings from the DNA fingerprinting approaches and to further study gut microbe phylotypes, 454-pyrosequencing was applied to analyze 16S rRNA genes (V1-V3 regions). Gut samples collected from fish raised under laboratory condition with four different diets (in Figures: *C* represents control diet, *HP* represents high protein diet, *HC* represents high carbohydrate diet, and *HL* represents high lipid diet, [Table S1](#pone.0064577.s003){ref-type="supplementary-material"}) were used for this analysis. A total of 621,110 valid bacterial 16S rRNA gene reads were obtained. OTUs at 97% homology cutoff indicated the gut microbiota was dominated by Proteobacteria (59%--87%), Fusobacteria (6%--19%), Bacteroidetes (5%--16%), and Firmicutes (1%--3%). Principal component analysis (PCA plot with UniFrac scaled axis) indicated transgenic and control samples in general showed relatively higher similarities within each group than those of between groups ([Figure 3](#pone-0064577-g003){ref-type="fig"}). The difference of gut microbiota composition was also observed from the average OTU counts of the dominating bacterial phyla ([Figure S1](#pone.0064577.s001){ref-type="supplementary-material"}). The number of members unique to transgenic fish was between 18% (Proteobacteria) and 46% (Actinobacteria).

![Principal Component Analysis (PCA plot with UniFrac scaled axis) of individual samples with different diet treatments.\
For each sample code, the first letter *T* represents transgenic fish, and *C* wild-type controls; the middle letter(s) indicates the diet treatments (*C*: control diet, *HP*: high protein diet, *HC*: high carbohydrate diet, *HL*: high lipid diet), and the last numbers represent replicate samples.](pone.0064577.g003){#pone-0064577-g003}

Alpha-diversity analysis of OTUs from different diet treatments revealed no significant differences (*p*\>0.05) between wild-type controls and transgenic fish regarding the ACE, Chao1, and Shannon diversity, although wild-type controls had comparatively larger values than samples of transgenic fish except the high protein diet group ([Table 1](#pone-0064577-t001){ref-type="table"}).

10.1371/journal.pone.0064577.t001

###### Alpha-diversity of gut microbiota calculated according to the composition and relative abundance of OTUs with 97%-identity.

![](pone.0064577.t001){#pone-0064577-t001-1}

             Control diet treatment   High protein diet treatment   High carbohydrate diet treatment   High lipid diet treatment                                                    
  --------- ------------------------ ----------------------------- ---------------------------------- --------------------------- --------------- ---------------- ---------------- ----------------
  Chao1          1522.31±236.06             2074.92±604.71                   3355.92±790.68                 2182.72±498.22         2116.61±44.06   2455.50±349.88   2814.63±443.53   2924.76±656.02
  ACE            1597.77±244.93             2205.18±599.29                   3408.50±800.13                 2155.29±424.72         2108.88±53.83   2568.71±349.81   2888.23±481.03   3026.54±649.95
  Shannon          5.83±0.32                   6.41±0.69                       6.26±0.68                       5.82±0.44             5.59±0.45       6.52±0.67        5.67±0.88        6.18±0.31

Transgenic Fish has a Low Bacteroidetes:Firmicutes Ratio {#s3b}
--------------------------------------------------------

Previous studies indicated that obesity in humans and animals might be associated with decreased gut Bacteroidetes:Firmicutes ratio [@pone.0064577-Turnbaugh1]--[@pone.0064577-Zhang1], [@pone.0064577-Costello1], [@pone.0064577-Semova1]. This characteristic has also been explored here to see whether it is unique to obesity.

Q-PCR quantification of 16S rRNA genes copies for these two bacterial phyla indicated that at the initial developmental stages (3- and 6-day) both transgenic fish ([Figure 4a](#pone-0064577-g004){ref-type="fig"}) and wild-type controls ([Figure 4b](#pone-0064577-g004){ref-type="fig"}) had very high Bacteroidetes:Firmicutes ratio. The relative Bacteroidetes abundance in transgenic fish decreased dramatically to less than 2% at the 2-month and the 5-month developmental stages. The trend of lower Bacteroidetes:Firmicutes ratio was retained through the rest of the late developmental stages, and the largest Bacteroidetes abundance only accounted for 33% (at the 14-month developmental stage). By contrast, wild-type fish displayed a relatively high Bacteroidetes:Firmicutes ratio. This was especially true at the developmental stages of 2-month, 5-month, and 20-month, for which the relative Bacteroidetes abundance was more than 71%, 46%, and 94%, respectively. One-side paired *t*-test indicated that the proportion of Bacteroidetes in wild-type controls was significantly larger than those in transgenic fish (*p* = 0.04). For fish raised in laboratory condition the relative abundance of Bacteroidetes and Firmicutes was detected by high-throughput sequencing based on 16S rRNA genes (V1-V3 regions). In agreement with the findings from fish raised in natural conditions, transgenic fish had a much lower Bacteroidetes:Firmicutes ratio than that of wild-type controls (data not shown).

![Comparison of relative Bacteroidetes and Firmicutes abundance at different developmental stages.\
Real-time quantitative PCR (Q-PCR) was used to quantify the abundance of gut Firmicutes and Bacteroidetes based on the 16S rRNA genes (V3 region). (a) Relative abundance of Firmicutes and Bacteroidetes in transgenic fish. (b) Relative abundance of Firmicutes and Bacteroidetes in wild-type controls.](pone.0064577.g004){#pone-0064577-g004}

The results indicate that the Bacteroidetes:Firmicutes ratio change is not unique to obesity. Although Bacteroidetes and Firmicutes account for only a small proportion of gut microbiota in fish, the finding from this study suggests that the relative abundance of Firmicutes over Bacteroidetes could be one of the factors contributing to the fast growth of transgenic common carp. The result together with the findings from others 19--21\] also suggest that the link between obesity and gut microbiota is likely more complex than a simple change of Bacteroidetes:Firmicutes ratio.

Proteobacteria, Bacteroidetes, and Firmicutes Display Significant Relationship with Metabolism of the Investigated Common Carp {#s3c}
------------------------------------------------------------------------------------------------------------------------------

Canonical ordination of redundancy analysis (RDA) was employed to explore the potential relationships between gut microbiota and host's metabolism. In this analysis, the host metabolic factors resulting from biochemical analysis were used as response variables and gut microbial groups, which were measured by high-throughput sequencing of 16S rRNA genes, as explanatory variables. As shown in [Figure 5](#pone-0064577-g005){ref-type="fig"}, three major phyla (Proteobacteria, Bacteroidetes, and Firmicutes) display significant relationships (Monte Carlo test *p*\<0.05) with the host metabolic factors, and 96.7% of the response-explanatory variable relation can be significantly explained by the first two axes (*p*\<0.05) ([Table 2](#pone-0064577-t002){ref-type="table"}). Moreover, the Bacteroidetes and Firmicutes display a close correlation in predicting the host's metabolism, which is best evidenced by a small angle between these two variables. On the other hand, Proteobacteria is not correlated with Bacteroidetes and Firmicutes in explaining the host's metabolism, as large angles exist between Firmicutes and Proteobacteria as well as between Bacteroidetes and Proteobacteria.

![Triplot of the redundancy analysis (RDA) showing significant relationship between metabolic-related factors (response variables) and microbial groups (explanatory variables).\
First and second ordination axes were plotted, representing 22.6% and 7.9% of the variability in the data set, respectively. *P*-values obtained by Monte Carlo test were reported. For each sample code, the first letter *T* represents transgenic fish, and *C* wild-type controls; the middle letter(s) indicates the diet treatments (*C*: control diet, *HP*: high protein diet, *HC*: high carbohydrate diet, *HL*: high lipid diet), and the last numbers represent replicated samples. GLU represents glucose, AST aspartate aminotransferase, and HDL high-density lipoprotein.](pone.0064577.g005){#pone-0064577-g005}

10.1371/journal.pone.0064577.t002

###### Summary statistics of redundancy analysis (RDA) showing the relationships between gut microbiota and host metabolism by canonical axes with associated *p* values from Monte Carlo test.

![](pone.0064577.t002){#pone-0064577-t002-2}

  Axes                                                           1       2       3       4
  ----------------------------------------------------------- ------- ------- ------- -------
  Eigenvalues                                                  0.226   0.079   0.010   0.279
  Response-explanatory variable correlation                    0.700   0.558   0.337   0.000
  Cumulative percentage variance                                                      
   of response data                                            22.6    30.5    31.5    59.4
   of response-explanatory variables relation                  71.8    96.7    100.0    0.0
  Significance test of the first canonical axis (*p* value)    0.012                  
  Significance test of all canonical axes (*p* value)          0.006                  

Transgenic Fish Displays Increased Carbohydrate but Decreased Lipid Metabolisms {#s3d}
-------------------------------------------------------------------------------

Physiological and biochemical analyses were performed to study the metabolic differences between transgenic fish and wild-type controls. The results ([Table 3](#pone-0064577-t003){ref-type="table"}) indicated that transgenic fish had significantly lower concentration of glucose (GLU) than that of wild-type controls across all diet treatments and that high carbohydrate diet significantly increased the amount of gut amylase in transgenic fish, suggesting an increased carbohydrate digestion. On the contrary, the lipid-related metabolic parameters such as serum alanine aminotransferase (ALT), aspartate aminotransferase (AST), and triglyceride (TG), which reflect a certain degree of liver dysfunction and represent lipid deposits in the liver, were generally higher in transgenic fish than those of wild-type controls (*p*\<0.05), indicating lipid metabolism in transgenic fish was partially disturbed. However, no significant difference was observed for protein metabolism between transgenic fish and wild-type controls. This was evidenced by similar levels of trypsin across 4 types of diets and of all serum indices (except GLU). Supporting these findings, histological analyses of liver tissues revealed that samples from transgenic fish had enlarged cells with increased amount of lipid droplets, while liver tissues from wild-type fish harbored more glycogen deposits ([Figure 6](#pone-0064577-g006){ref-type="fig"}).

![Histological analyses of liver tissues. Liver tissues from 4 different diet treatments were formaldehyde-fixed, followed by staining with Hematoxylin and eosin.\
The results (75×) from transgenic fish are shown in the upper panels, and wild-type controls with corresponding diet treatments in the lower panels. Arrows in upper panels indicate lipid droplet (blue) and those in lower panels (green) show glycogen deposits.](pone.0064577.g006){#pone-0064577-g006}

10.1371/journal.pone.0064577.t003

###### Comparison of metabolic differences between transgenic and wild-type fish.

![](pone.0064577.t003){#pone-0064577-t003-3}

                                      Control diet   High protein   High carbohydrate   High lipid
  ---------------------------------- -------------- -------------- ------------------- -------------
  Whole-fish lipid (wet weight)       0.04 (T\>C)    0.02 (T\>C)           NS           0.01 (T\>C)
  Whole-fish protein (wet weight)          NS             NS           0.01 (T\<C)          NS
  Whole-fish ash (wet weight)              NS             NS               NS               NS
  Whole-fish water                    0.02 (T\<C)    0.03 (T\<C)           NS           0.02 (T\<C)
  Whole-fish energy                        NS             NS               NS               NS
  Muscle lipid (wet weight)                NS        0.04 (T\<C)           NS               NS
  Muscle protein (wet weight)         0.00 (T\<C)         NS               NS               NS
  Muscle ash (wet weight)                  NS        0.01 (T\<C)           NS               NS
  Muscle water                        0.01 (T\>C)    0.02 (T\>C)       0.04 (T\>C)      0.02 (T\>C)
  Muscle energy                            NS             NS               NS               NS
  Liver lipid (wet weight)            0.04 (T\>C)    0.01 (T\>C)           NS           0.01 (T\>C)
  Amylase                                  NS             NS           0.04 (T\>C)          NS
  Trypsin                                  NS             NS               NS               NS
  Serum glucose                       0.02 (T\<C)    0.01 (T\<C)       0.02 (T\<C)      0.02 (T\<C)
  Serum cholesterol                        NS             NS               NS               NS
  Serum triglyceride                       NS             NS           0.01 (T\>C)          NS
  Serum alanine aminotransferase      0.00 (T\>C)         NS           0.00 (T\>C)      0.00 (T\>C)
  Serum aspartate aminotransferase    0.03 (T\>C)         NS           0.00 (T\>C)      0.04 (T\>C)
  Serum high-density lipoprotein      0.01 (T\<C)         NS           0.04 (T\<C)      0.03 (T\<C)
  Serum low-density lipoprotein       0.04 (T\<C)         NS           0.00 (T\<C)          NS

The numbers represent the significant *p* values, and the subsequent parenthesis show in which directions the differences are. NS indicates not significant. The letter *T* in parenthesis represents transgenic fish, and *C* wild-type control.

Discussion {#s4}
==========

Gut microbiota is a complex community of microorganisms that colonizes the gastrointestinal tract of animals. A growing number of studies have shown gut microbiotas, which are involved in energy harvest and storage as well as in a variety of metabolic functions such as fermenting and absorbing undigested carbohydrates [@pone.0064577-Gill1], are especially important for host's metabolism [@pone.0064577-Bckhed2]--[@pone.0064577-Velagapudi1]. Changes in gut microbiota composition are associated with many diseases such as celiac disease [@pone.0064577-Elinav1], austim [@pone.0064577-Robinson1], and obesity [@pone.0064577-Ley2], [@pone.0064577-Turnbaugh2]. The latter is most likely associated with the changes of two microbiota divisions Bacteroidetes and Firmicutes.

The present study on the difference of gut microbiota composition between wild-type and fast-growing transgenic fish allows us to: i) investigate the associations between gut microbes and the metabolism of fish and ii) address the question whether the change of microbiota Bacteroidetes over Firmicutes is unique to obesity in human. The comparison of gut microbiota between transgenic and wild-type fish provides an analogy but different comparison to obese and lean people in terms of body weight and size. Unlike obesity in humans the large body size of transgenic fish displays a proportional body growth, which has been demonstrated by previous reports [@pone.0064577-Zhu1], [@pone.0064577-Zhu2] and was also confirmed in this study ([Figure S2](#pone.0064577.s002){ref-type="supplementary-material"}). Different factors might contribute to the fast-growing nature of transgenic fish such as expression of the integrated growth hormone gene [@pone.0064577-Wang1], increased food intake [@pone.0064577-Fu1], improved feed efficiency [@pone.0064577-Guan1], and altered fish behaviors [@pone.0064577-Duan1], [@pone.0064577-Li3].

A core microbiota comprised of Proteobacteria, Fusobacteria, Bacteroidetes, and Firmicutes was identified herein. Proteobacteria accounted for the largest proportion of gut microbiota, which is in agreement with the results from other fish [@pone.0064577-Roeselers1], [@pone.0064577-Wu1]. We, however, observed significant differences of gut microbiota composition between transgenic fish and wild-type controls. It is also very important to note that the largest differences between transgenic fish and wild-type controls are during the early developmental stages (during 2-month and 5-month), for which both Sørensen and *S* ~RC~ indices display significant differences. The results were further confirmed by high-throughput sequencing on bacterial 16S rRNA genes. These findings suggest that gut microbiota composition is most likely filtered to be different between transgenic fish and controls at particular developmental stages.

One purpose of this study is to explore the association between gut microbes and fish metabolism, in turn, their growth. Transgenic fish have a significantly faster growth rate, when compared to wild-type controls. This is true for fish reared in both nature (ponds) and laboratory conditions (tanks). This fast-growing characteristic is correlated with gross energy intake and growth energy, both of which are significantly more than those from wild-type fish ([Figure S2](#pone.0064577.s002){ref-type="supplementary-material"}). This leads to an interesting question as to whether gross energy intake for fast-growing transgenic fish is linked to gut microbiotas. We found 3 out of the 4 core microbiotas were associated with host's metabolism. This has been illustrated by canonical ordination of redundancy analysis, from which three microbiotas Proteobacteria, Bacteroidetes, and Firmicutes present significant relationships (Monte Carlo test *p*\<0.05) with host metabolic characteristics. We also noticed that Bacteroidetes displayed a close correlation with Firmicutes in predicting host metabolism. Therefore, other than the important role played by the dominating phylum Proteobacteria, both Bacteroidetes and Firmicutes could have some impact on fish metabolism. Further analyses are needed to reveal whether the large body size of transgenic fish is the consequence of the gut microbiota change or the cause for the change of gut microbiota.

These findings not only indicate microbiotas play very important roles in host metabolism but also suggest a close connection between gross energy intake and fast-growing feature of transgenic fish. The large gross energy intake in transgenic fish might come from increased carbohydrate metabolisms, which was demonstrated by both biochemical and histological analyses. While transgenic fish had significantly lower concentrations of glucose than those of wild-type fish, high carbohydrate diet significantly increased the amount of gut amylase. Histological analysis of liver sections also revealed liver tissues from wild-type fish harbored more glycogen deposits. These results indicated transgenic fish could take the advantage of carbohydrate diets for the fast growth. This may be partially attributed from the high efficiency of polysaccharide fermentation by Firmicutes [@pone.0064577-Ley2], [@pone.0064577-Bckhed3], [@pone.0064577-Turnbaugh3], as more Firmicutes were detected in the gut of transgenic individuals.

Another important question is whether the increase of Firmicutes at the expense of Bacteroidetes is unique to mammalian obesity. Although previous studies have shown that the increased proportion of Firmicutes have a direct connection with the development of obesity [@pone.0064577-Turnbaugh1]--[@pone.0064577-Zhang1], other studies have differing conclusions [@pone.0064577-Duncan1]--[@pone.0064577-Jumpertz1]. The present study therefore could shed light on these contradicted findings, as the gut microbiota between transgenic fish and wild-type control provide an analogy but different comparison to obese and lean mammalian individual in terms of body weight and size. Similar to the results from mammals, both RTQ-PCR quantification of 16S rDNA (V3 region) copies and high-throughput sequencing on 16S rDNA (V1-V3 regions) reveal lower Bacteroidetes:Firmicutes ratio in transgenic fish. These results demonstrate that the change of microbiota Bacteroidetes over Firmicutes is also true to the fast-growing transgenic fish. Since transgenic fish has a proportional body growth which is unlike obese individual in mammals, the finding therefore suggests that the link between obesity and microbiota is likely more complex than the simple Bacteroidetes:Firmicutes ratio change [@pone.0064577-Turnbaugh2].

Further evidence comes from similar mechanism for excessive energy harvest in both transgenic fish and obese mammals, for which gut microbiota affects body weight by increasing energy harvest from dietary fibers. Metagenomic and biochemical analyses have revealed that mouse gut microbiota is enriched with bacterial genes capable of fermenting dietary fibers [@pone.0064577-Turnbaugh3]. The notion of changing energy harvest by gut microbiota has also been explored in human by Jumpertz et al. [@pone.0064577-Jumpertz1], who tested whether microbiota in lean and obese individuals were correlated with the efficiency of dietary energy harvest. They found that the changes of gut microbiota were directly correlated with stool energy loss in lean individuals and that a 20% increase in Firmicutes and a corresponding decrease in Bacteroidetes were associated with an increased energy harvest. Therefore, excessive calories from fiber by microbiota metabolism could be one of the important factors contributing to obese state, which is in good agreement with gut microbes affecting the metabolism of vertebrate fish from this study. These results indicate that the relative abundance of Firmicutes over Bacteroidetes could be one of the factors contributing to the fast growth of transgenic common carp, even though they account for only a small proportion of the total gut microbiota.
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**Venn diagrams displaying similarity and difference for all phyla and 4 major bacterial phyla between transgenic fish and wild-type controls.** The number of shared members is listed in the middle, the number of members unique to transgenic fish is shown on the left, and that unique to wild-type controls is indicated on the right. *T* represents transgenic fish and *C* wild-type controls.

(TIF)

###### 

Click here for additional data file.

###### 

**Comparison of body weight and energy intake between the fast-growing transgenic fish (** ***T*** **) and wild-type controls (** ***C*** **).** (a) Body weight comparison between transgenic fish and wild-type controls reared in ponds. (b) Body weight comparison between transgenic fish and wild-type controls raised in laboratory tanks. (c) Comparison of condition factor (100 × weight/length^3^) between transgenic fish and wild-type controls reared in ponds. (d) Comparison of condition factor between transgenic fish and wild-type controls raised in laboratory tanks. (e) Gross energy intake comparison between transgenic fish and wild-type controls raised in laboratory tanks. (f) Growth energy comparison between transgenic fish and wild-type controls raised in laboratory tanks. *I~E~* and *G~E~* represent gross energy intake and growth energy, respectively. *W~i~* stands for the initial value of weight and *W~f~* the final weight. Asterisks indicate significant differences for the comparisons obtained from two-tailed Student's *t*-test (\* stands for *p*\<0.05 and \*\* *p*\<0.005).

(TIF)

###### 

Click here for additional data file.
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Formulation and chemical composition of the experimental diet.
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Click here for additional data file.
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Oligonucleotide sequences of all PCR primers used in the study.

(DOC)
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Click here for additional data file.
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